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Introduction
Among the proteins involved in TGF-β/bone morphogenic protein (BMP) signaling pathways, much attention has been paid to the inhibitory Smads (I-Smads), Smad6 and Smad7. Inhibitory Smads act as major negative regulators, forming autoinhibitory feedback loops on TGF-β/BMP signaling (Hayashi et al., 1997; Imamura et al., 1997; Nakao et al., 1997) . Extensive studies have shown that the effects of I-Smads in negative regulation of TGF-β/BMP signals are facilitated by HECT type E3 ubiquitin ligases, Smurf1 and Smurf2 (Kavsak et al., 2000; Ebisawa et al., 2001; Murakami et al., 2003) . Smad7 interacts with Smurf1 and Smurf2, recruiting them into TGF-β type I receptors (TβRI), and induces the degradation of activated TβRI (Kavsak et al., 2000; Ebisawa et al., 2001 ). In addition, it has been reported that Smurf1 induces degradation of BMP-activated Smads indirectly through I-Smads (Murakami et al., 2003) .
However, the most interesting feature of I-Smads is that their expression is transcriptionally induced by various extracellular stimuli as well as by TGF-β or BMP, allowing them to act as mediators of cross-talk with other signaling pathways (Park, 2005) . Pro-inflammatory stimuli, such as IFN-γ and TNF-α increase the expression of the Smad7 gene through activation of STAT1 and RelA, resulting in down-regulation of TGF-β signaling (Ulloa et al., 1999; Bitzer et al., 2000) . The activation of CD40 induces Smad7 expression through NF-κB to suppress TGF-β-mediated growth inhibition and apoptosis in B-lymphocytes (Patil et al., 2000) . In contrast with Smad7, little is known about extracellular stimuli that increase the expression of Smad6 and its interconnection with other signaling pathways. Reports have shown that expression of Smad6 is induced by laminar shear stress in vascular endothelial cells and that 12-O-tetradecanoylphorbol-13-acetate (TPA) down-regulates Smad6 mRNA (Tsunobuchi et al., 2004) . How the modulation of Smad6 expression by these stimuli affects other cellular signaling pathways remains unknown. A distinct role of Smad6 in mediating the cross-talk between the TGF-β/BMP signal and other cellular signals has been proposed recently by Choi et al. (2006) , who demonstrated that Smad6, induced by TGF-β or BMP, negatively regulates interleukin-1 receptor/ Toll-like Receptor signaling.
Here we show that Smad6 expression is trans-iently induced at the transcriptional level by etoposide treatment, which causes double-stranded DNA breaks (Robert and Larsen, 1998) . We also reveal that the increased expression of the Smad6 gene resulting from etoposide treatment is required for the G1 to S phase transition of the cell cycle. Thus we suggest that Smad6 is involved in the signaling of etoposide-induced DNA damage and plays an important role in the early cellular responses induced by DNA damage.
Materials and Methods

Plasmids
Serial deletion mutants of the Smad6 promoter (-9.5 k/-1,035, -6.6 k/-1,035, -3,213/-1.035, -1,911/ -1,035, -1,696/-1,035, and -1,153/-1,035) in the pGL2-Basic vector were kindly provided by Dr. Miyazono (University of Tokyo, Japan) (Ishida et al., 2000) . Subdivided deletion mutants (-1,860/ -1,035; S6-4-1, -1,812/-1,035; S6-4-2, and -1,760/ -1,035; S6-4-3) were generated by inserting the amplified DNAs into KpnI/ XhoI sites of the pGL2-Basic vector (Promega, Madison, WI), respectively. Each double-stranded oligonucleotide, corresponding to the regions from -1,812 to -(DDRE-S6), -1,812 to -1,787 (L region), and -1,786 to -1761 (R region), was cloned into KpnI/BamHI sites of pGL2-pro vector (Promega). The sequences of newly designed reporter plasmids were verified by DNA sequencing. and control CMT-93 cells with pU6PL vector (CMT-93-pU6PL) were prepared as previously described (Choi et al., 2006) . Preparation of whole cell extracts and western blot analysis were performed as previously described (Lee et al., 2007a) . The cells in each 6-well plate were transiently transfected with the indicated plasmids using Effectene (Qiagen, Uppsala, Sweden) according to the manufacturer's protocol. After 24 h, cells were treated with 25 µM etoposide and cultured for the indicated times. Luciferase activities were measured using the dual luciferase reporter system (Promega). All experiments were repeated at least three times with similar results. Activities were normalized on the basis of Renilla luciferase expression from TK-Renilla plasmids according to the manufacturer's protocol.
Reagents and antibodies
RNA extraction and quantitative real time PCR
Total RNA extraction was performed as previously described (Choi et al., 2006 ). An iCycler real-time PCR machine and iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) were used for quantitative RT-PCR amplifications of Smad6 and GAPDH genes under the following conditions: 40 cycles of 95 o C for 40 s, 55 o C for 30 s, and 72 o C for 1 min. A dilution series of the plasmid standard for each gene was used for quantification of the PCR product. For normalization of the cycling threshold values obtained with the experimental samples, GAPDH was amplified under the same conditions. All reactions were repeated at least three times independently and the results are shown as means ± SD. The primer sequences were as follows: Smad6, 5'-TGGTGCAGCGTGGCGTAC-3' and 5'-CTATCTGTGGTTGTTGAATA-3'; GAPDH, 5'-AAT-GTGTCCGTCGTGGATCT-3' and 5'-TCCACCAC-CCTGTTGCTGTA-3'.
Preparation of nuclear extracts and electrophoretic mobility shift assay (EMSA)
CMT-93 cells, treated or not treated with etoposide, were cultured in DMEM medium with 10% FBS. The preparation of nuclear extracts and EMSA was performed essentially as described (Park et al., 2001) . For EMSA, double-stranded oligonucleotides containing either DDRE-S6, L region or R region were labeled with [γ-32 P]ATP and polynucleotide kinase. The oligonucleotide sequences were as follows: DDRE-S6, 5'-ATAACTGGGGAA-AGCACGCCCCTCTATCACTCTCGAAGGGGCAT AAGGTAAA-3'; L region, 5'-ATAACTGGGGAAAG-CACGCCCCTCTA-3'; R region, 5'-TCACTCTCGA-AGGGGCATAAGGTAAA-3'. 
Cell cycle analysis and double thymidine block
Cell cycle analysis and double thymidine block were performed as previously described (Kwak et al., 2005; Lee et al., 2006) . Briefly, cells were harvested and fixed with 100% methanol for cell cycle analysis. After washing with PBS, cells were stained with 50 µg/ml propidium iodide (Sigma) in the presence of 60 µg/ml RNase A and incubated at room temperature in the dark for 30 min. The samples were analyzed using a flow cytometer (Beckman Coulter, Fullerton, CA) according to the manufacturer's instructions. For synchronization, cells were treated with 2 mM thymidine for 16 h, released into regular medium for 8 h, then retreated with 2 mM thymidine for 16 h, and released into 25 µM etoposide. At the indicated time points, cells were harvested and stained with propidium iodide.
BrdU incorporation
The BrdU cell proliferation assay (Calbiochem, Darmstadt, Germany) was performed as previously described (Lee et al., 2007b) . Briefly, Smad6-knockdown CMT-93 cells (CMT-93-siS6) and Smad6-expressing CMT-93 cells (CMT-93-pU6PL) were cultured in 6-well plates; the medium was replaced with fresh medium containing BrdU after 24 h. Subsequently, both cell types were treated with 25 µM etoposide for the indicated times. Results are shown as means ± SD of at least three independent experiments.
Results
Etoposide induces the expression of Smad6 gene
We initially examined how DNA damage-induced signals are interconnected with TGF-β-mediated cellular responses. In the course of these studies we found that etoposide, a topoisomerase II inhibitor that causes DNA double strand breaks (DSBs), specifically induces the expression of the Smad6 gene. The real-time PCR analysis showed that the transcription of Smad6 in CMT-93 mouse intestinal epithelial cells was maximal 6-12 h after treatment with etoposide ( Figure 1A) . Moreover, the expression of Smad6 protein was similar to the level of Smad6 mRNA ( Figure 1B ). To our knowledge this is the first report that a DNA damaging agent such as etoposide is able to increase the expression of the Smad6 gene. and nuclear extracts of etoposide-treated CMT-93 cells according to the indicated molar ratios of cold competitors. The unlabeled oligonucleotides with the DDRE-S6 and L region were used as specific competitors (S), respectively, whereas double-stranded oligonucleotides containing NF-κB binding sites were used as nonspecific competitors (N). Lane 1; free probe. Lane 2; no competitor. The data are representative results of at least three independent experiments.
The cis-acting element from -1,812 to -1,787 of the Smad6 promoter is required for etoposide-induced transcriptional activation of the Smad6 gene
We next investigated how the expression of the Smad6 gene is up-regulated upon treatment with etoposide. Our results showed that Smad6 expression is up-regulated at the transcriptional level (Figure 1) , and thus promoted us to examine Smad6 promoter activity in the presence of etoposide. Therefore, serial deletion mutants of the mouse Smad6 promoter linked to a reporter gene were transfected into CMT-93 cells and subsequently treated with etoposide. As shown in Figure  2A and B, the full-length promoter of the mouse Smad6 gene, designated S6-1, was significantly activated by etoposide treatment. However, when the region from -1,911 to -1,696 was deleted, induction of the activity of the Smad6 promoter by etoposide was reduced compared with the other deletion mutants ( Figure 2B ). These results indicate that the region from -1,911 to -1,696 is required for the induction of the Smad6 promoter upon etoposide treatment. To reveal which sequences of this region are involved in etoposideinduced activation of Smad6 promoter, we divided the region from -1,911 to -1,696 and constructed three serial deletion mutants of the Smad6 promoter, S6-4-1, S6-4-2, and S6-4-3 ( Figure 2C ). Deletion of the region from -1,812 to -1,760 abolished etoposide-induced activation of the Smad6 promoter ( Figure 2C ), demonstrating that this region is required for the activation of the Smad6 gene by etoposide-induced DNA damage.
We further verified that the 51 bp region from -1,812 to -1,760, designated DDRE-S6 (DNA damage response element in Smad6 promoter), acts as a cis-acting element for the etoposide-induced activation of the Smad6 promoter. The DDRE-S6 and L and R regions of DDRE-S6, shown in Figure 2D , were cloned into pGL2-pro reporter plasmids. These newly constructed plasmids were transfected into CMT-93 cells and subsequently treated with etoposide. As shown in Figure 2E , the wild type DDRE-S6 region was activated by etoposide treatment. Interestingly, etoposide treatment could not activate the R region, but did activate the L region. This indicates that the L region, which comprises 26 bp, is required for the activation of the Smad6 promoter by etoposideinduced DSBs and implies that distinct DNA binding proteins bound to the L region are specifically induced by etoposide treatment.
Etoposide increases DNA binding proteins specific for the cis-acting element from -1,812 to -1,787 of the Smad6 promoter
In order to identify the DNA binding proteins associated with the L region, EMSA was performed with 32 P-labeled double-stranded oligonucleotides of the L and R region, as well as the DDRE-S6 region. As shown in Figure 3A and B, DNA binding proteins c1 and c2, which bound to the L and DDRE regions, were significantly increased upon treatment with etoposide. These complexes (c1 and c2) were not detected when the R region was used for EMSA ( Figure 3C ). These results were consistent with the etoposide-induced activation of the L and DDRE region-fused reporter genes shown in Figure 2E . In addition, competition assays revealed that the DNA-binding proteins, c1 and c2, are specific to the DDRE-S6 and L regions ( Figure 3D and E). Therefore, our results strongly suggest that etoposide, a topoisomerase II inhibitor, significantly up-regulates the expression of the Smad6 gene by increasing DNA binding proteins specific for the L region (from -1,812 to -1,787) of the Smad6 promoter.
The increased expression of the Smad6 gene by etoposide is required for the G1 to S phase transition of the cell cycle
Etoposide induces double strand breaks (DSBs), thus triggering cell cycle arrest and apoptosis (Kaufmann, 1998; Sleiman and Stewart, 2000; Blass et al., 2002; Clifford et al., 2003) . However, the mechanism of cell cycle arrest induced by etoposide is still controversial and probably depends on cell type. Some reports indicate that cells accumulate in the G1-S phase of the cell cycle (Blass et al., 2002) , whereas others show arrest in the G2-M phase (Sleiman and Stewart, 2000; Clifford et al., 2003) . To investigate the role of Smad6 expression in the cell cycle, we first examined whether CMT-93 cells expressing Smad6 are arrested by etoposide treatment. As shown in Figure  4A , CMT-93 cells predominantly accumulated in the G2-M phase of the cell cycle. Next, to reveal the function of the Smad6 gene in etoposideinduced cell cycle arrest, we synchronized Smad6-expressing (CMT-93-pU6PL) and Smad6-knockdown (CMT-93-siS6) cells using a double thymidine block and released them into etoposide. Interestingly, Smad6-knock-down cells transiently accumulated in the G1 phase of the cell cycle, in contrast to Smad6-expressing CMT-93 cells (Figure 4B ). In addition, the analysis of the rate of cell proliferation using incorporation of BrdU, which is taken up in place of thymidine during the S phase of the cycling cell, showed that endogenous inhibition of the Smad6 gene caused a decreased rate of incorporation of BrdU ( Figure 4C ). These results imply that increased expression of Smad6 is involved in the initiation of the cell cycle during the response to etoposide-induced DNA damage. To elucidate these phenomena, we investigated the expression of p21 protein, a cyclin-dependent protein kinase (CDK) inhibitor, in Smad6-expressing and Smad6-knock-down CMT-93 cells after treatment with etoposide. As shown in Figure 4D , expression of p21 protein was rapidly increased at 1-6 h in Smad6-knock-down cells, compared with control cells. These results strongly suggest the possibility that Smad6 expression induced by etoposide is involved in the initiation of the cell cycle by regulating the expression of CDK inhibitors such as p21. However, it is still unclear whether Smad6 expression regulates the stability of CDK inhibitors at the post-translational level.
Discussion
We have demonstrated here that etoposide, which causes DSBs, specifically induces the Smad6 gene by increasing the levels of distinct DNA binding proteins that bind to the L region (from -1,812 to -1,787), and that increased expression of Smad6 protein contributes to the initiation of the G1 to S cell cycle transition.
Interestingly, extracellular stimuli or agents that induce the expression of the Smad6 gene have not been reported as frequently as those of the Smad7 gene. Several reports indicate that laminar shear stress or TPA regulate the expression of the Smad6 gene Tsunobuchi et al., 2004) . In this study, we found that etoposide, which causes DSBs, induces the Smad6 gene. Furthermore, DNA damage caused by gamma irradiation also increased the expression of the Smad6 gene (data not shown). The finding that DNA damaging agents such as etoposide induce the expression of the Smad6 gene may provide important clues to the unidentified function of Smad6. In addition, the finding that increased expression of Smad6 is required for the initiation of the G1 to S cell cycle transition suggests that the Smad6 protein has novel function(s) in DNA damage-induced signal transduction cascades. In particular, our findings raise the possibility that Smad6 is an important modulator of p21 protein, which is involved in the machinery of the cell cycle, although the biochemical mechanisms remain unknown.
We have also shown that etoposide induces the transcription of the Smad6 gene by increasing specific DNA-binding proteins, which bind to the region from -1,812 to -1,785 of the Smad6 promoter. It has been reported that the Smad6 promoter contains GC-rich Smad1/5 binding elements and the OSE sites bound to the Runx2 transcription factor (Ishida et al., 2000; Wang et al., 2007) . However, the element responsible for etoposide-induced Smad6 transcription identified in this study is different from the cis-acting elements in the Smad6 promoter described previously. Therefore, it will be worthwhile to characterize the proteins that bind to the region from -1,812 to -1,785, designated c1 and c2.
The most important finding of this study is the demonstration that cellular responses caused by DNA damage signals are related to expression of the Smad6 gene. These findings suggest that Smad6 has a distinct cellular function as well as being an antagonist for TGF-β/BMP signaling. Therefore, further biochemical study of etoposideinduced Smad6 transcription and the subsequent cell cycle transition may provide new insight into the novel function of Smad6, in addition to its action as an inhibitory Smad.
